Characterization of porous carbon for its pore size distribution is traditionally carried out with simple pore models of well-defined geometry (slit or cylinder) with both ends opened to the gas surroundings. These idealised models do not adequately describe the inherently complex structure of porous carbons. An improved model should be sufficiently simple, not only for characterization, but also for the design of separation and purification processes. The following factors should be included: (1) energetic variation along the pore axis due to constrictions or strong energy sites, (2) connectivity between adjacent pores and (3) the presence of functional groups. In this work, we report results from computer simulations, using argon and nitrogen as non polar or weakly polar adsorbates and water and methanol as examples of associating fluids. The new model is able to produce all hysteresis loops classified by the IUPAC as well as loop types reported earlier by de Boer [1], Experimental isotherms are commonly measured at 77K and 87K (nitrogen and argon boiling points, respectively), but in recent years cryostats have become increasingly available in characterization laboratories and our simulations show that by measuring isotherms at different temperatures new insights about the porous structure can be gained from the variation of the hysteresis loop with respect to temperature which may change, for example, from a single-loop to a double-loop via a fused-loop as the temperature is varied.
Introduction
The characterization of porous solids has remained a subject of intense study in the last few decades. Among the many experimental methods that are available [2] , the most practical (and the simplest) one for pore characterization is based on adsorption of simple gases [3] , among which Ar and N 2 are the most commonly used. Molecular simulation has increasingly replaced classical theories because it provides an accurate solution to the statistical mechanical problem and therefore a coherent framework for pore size distribution (PSD) and its derivatives. No matter whether molecular simulation or classical theory is employed, the common denominator is the construction of a pore model. For example, the most commonly used pore model for activated carbon (AC) is the slit pore with homogeneous graphitic walls of infinite extent. However, due to the inherent heterogeneity of pore structures in AC, this simple model is clearly too elementary. Many alternative models have been proposed to account for various factors, such as surface heterogeneity [4] [5] [6] [7] [8] , functional groups [9, 10] , pore geometry [11] and finite dimensions [12] . These modifications help to improve the fit between theoretical results and experimental isotherms, and to understand the extent of this improvement it is important to study how each of the above factors affects the adsorption isotherm. This is the main aim of this paper.
A significant feature of the adsorption isotherms for mesoporous solids is the hysteresis loop. An early proposal to classify hysteresis loops in terms of porous structure were put forward by de Boer (dB) [1] who introduced the five types shown in Figure 1 . Later, the IUPAC identified four loop types (H1 to H4) based on experimental isotherms observed for disordered solids [13] , which are shown in Figure 2 . The H1 and H2 Types correspond to Types A and E in the dB classification, while H3 and H4 are associated with slit-like pores. Curiously, some of the loop types suggested by de Boer were omitted in the IUPAC classification, and this is probably due to the limited topologies of porous structure in real disordered solids. With the recent surge in the synthesis of new materials, especially ordered mesoporous solids, for example MCM-41 [14] and SBA-15 [15] , many different hysteresis loops have been observed, including Type C of de Boer [16, 17] and a type mixed between Type H1 and Type C [18, 19] . Adsorption of non-polar gases to characterize the porous structure of a solid is common, but a full characterization for the purpose of adsorptive separation and purification of mixtures involving polar fluids, especially associating fluids, requires the determination of the surface chemistry. The effects of the surface chemistry on adsorption have been illustrated by Bandosz and co-workers [20] [21] [22] [23] [24] . They found that adsorption of water is very sensitive to surface heterogeneity but the physical structure has limited effects in the low pressure region. Similar conclusions were also drawn by Thommes et al. [25, 26] , who proposed water as a probe to characterize the surface chemistry of carbon materials.
The structure of this paper is as follows: in Section 2, the simulation method and the potential models are presented, and various basic pore models are described. In Section 3, the results from simulations of adsorption in these models are discussed, with particular attention to the use of nonpolar argon as an adsorbate in Sections 3.1 to 3.6, and to water and methanol as representatives of associating fluids, in Section 3.7 as a probe for the nature of functional groups. Conclusions drawn from this study are presented in Section 4.
Theory and Simulation

Interaction Energy
The intermolecular potential energy is described by the combination of the 12-6 Lennard-Jones (LJ) equation and the Coulombic equation. The molecular parameters of the adsorbates and for the phenol group are summarized in Table 1 . 
Pore Models
The schematics of the pore models are presented in Figure 3 , with the finite pore of uniform pore width used as the reference for the subsequent comparison with other models. The length of the simulation box in the x-direction was 10 times the collision diameter of the fluid, and the lengths for the other two directions were determined by the pore dimensions. Mechanical equilibrium between the adsorbate inside the pore and the surroundings was established by connecting a gas reservoir at the pore opening with a length of 3nm along the pore axis (which has been shown to be sufficient to model the gas phase since larger reservoirs give the same results), and the same dimensions in the other two directions as those of the pore. Variants of the basic pore model are as follows:
(1) to study the effects of a closed end (often referred to as dead end pores) we added a graphitic wall at one end of the finite slit pore (Figure 3b ),
(2) to study the variation in the pore size along the pore axis we consider five models;
a. a pore with two distinct sections, each of uniform pore size (Figure 3c d. a pore with constrictions along the pore axis ( Figure 3f) , and e. a model that accounts for the presence of functional groups; constructed by grafting the groups randomly at the edge of a finite slit pore ( Figure 3g ).
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(g) Figure 3 : The schematics of the pore (solid) models examined in this work, (a) open slit pore, (b) closed end pore, (c) connected pore, (d) ink-bottle pore, (e) wedge pore, (f) corrugated pore, (g) graphene layers with functional groups attached at the edge.
Simulation Method
GCMC simulation was used to obtain adsorption isotherms, with 100,000 cycles for the equilibration stage and the same number for the sampling stage. Each cycle consists of 1000 displacement moves and exchanges (insertion and deletion), with equal probability. In the equilibration stage, the maximum displacement length was initially set as half of the largest dimension of the box and was adjusted at the end of each cycle to give an acceptance ratio for displacement of 20% [35, 36] . For the infinite pore, periodic boundary conditions were applied at the boundaries in the x-and y-directions, while for the finite pore it was only applied in the xdirection, and the cut-off radius was 5 times the collision diameter (half of the simulation box dimension along the direction of infinite extent).
Results and Discussion
Simple Slit Pore
3.1.1. Infinite pore vs. finite pore length
The implication of a pore of infinite extent is that when the pore is filled the condensed adsorbate is an infinite column of liquid-like phase (or solid-like phase if the temperature is well below the triple point), and therefore when the pressure is decreased desorption occurs via a cavitation process because of the absence of a pore opening. For finite pores connected to the gas surroundings, a gasliquid interface is formed at the pore mouth and during desorption it recedes into the pore interior as the pressure is decreased. Transfer of molecules from the interior to the surrounding occurs across this interface; a process of which makes desorption from a finite pore distinctly different from an infinite pore, no matter how long the finite pore is [37] . The effects of length on adsorption are not new, but for the sake of completeness in the discussion of various pore models we have highlighted the key differences in Figure 4 for adsorption isotherms of Ar at 87K in slit pores with two open ends. Three points may be emphasised:
(a) The hysteresis loop is type H1 regardless of the pore length, except for very short pores whose isotherms are reversible.
(b) As the pore length is increased, the condensation pressure shifts to a lower value and approaches the condensation pressure of the infinitely long pore because of the greater solidfluid interaction, and the evaporation pressure also shifts to a lower value but never approaches the evaporation pressure of the infinitely long pore. This is a consequence of the two distinct mechanisms for evaporation in the finite pore and the infinitely long pore as elaborated above.
(c) The fact that the condensation pressure shifts to a higher pressure for a finite pore, relative to the corresponding infinite pore, has a significant implication in the determination of pore size.
If a pore model of infinite length is used for the characterization of a solid having pores of
finite length, the pore size would be overestimated as has been recently recognized in the literature [38] .
Figure 4 :
The comparison of the adsorption isotherm of argon at 87K in the slit pore with infinite and finite pore lengths, the pore width is 3nm the length of the pores are as marked in the figures.
Open end vs. closed end
Porous carbon materials have a wide distribution of pore size, ranging from micropores to mesopores, and they are intertwined in a complex manner. However, no matter how complex this is, micropores behave as open end pores and are filled reversibly at very low pressures; after that has occurred the adjacent mesopores will behave as closed end pores. In this section we shall highlight the differences between the behaviour of an open end pore and a closed end pore. The most debatable point is whether isotherms for closed end pores are reversible, or whether they can exhibit hysteresis. According to the classical theories based on the Kelvin-Cohan equation, the isotherm must always be reversible in a closed end pore because the same shape of interface separates the gas phase and the adsorbed phase in both adsorption and desorption. However, our extensive simulation results have shown that, under certain conditions, hysteresis is possible. The reasons for the failure of classical theories to predict hysteresis are that: (1) they do not account for the progressive structural change of the adsorbed phase with the extent of adsorption and (2) they do not account for the difference in the thickness of the adsorbed layer, which is metastable in adsorption but is close to a stable state in desorption [39, 40] . pores with the condensation shifting to larger pressure and the evaporation shifting to lower pressure. For larger pore widths the loop shifts to higher pressure but retains the same shape and size.
Effects of Connectivity
In porous carbons, the variability in pore shape and the interconnections among pores are too complex to be described adequately by simulation. However, we can illustrate the essential features of connectivity by considering a simple connected pore with two adjacent sections of uniform size
with two ends open to the gas surroundings ( Figure 3c ). This is simple model is sufficient to show how the behaviour of an adjacent pore can affect adsorption and desorption of a given pore. 6 shows the adsorption isotherm for a connected pore with widths of 3 nm and 3.68 nm for the two sections, both of length 6nm. The behaviour of this connected pore is different from that of the isolated uniform pores of 3nm and 3.68nm. The first distinction is the shape of the hysteresis loop.
It changes from Type H1 to Type C of de Boer, and this is typical of an open end pore with nonuniform pore size in the axial direction (we will see this behaviour again when we deal with wedge pore later). The Type C hysteresis loop is characterized by vertical condensation and gradual evaporation. The reason for the single stage condensation is that the widths of the two sections are not very different; when condensation has occurred in the smaller section there is an avalanche effect which induces a condensation in the larger section. This occurs because the radius of curvature of the interface after the condensation in the smaller section is larger than the half width of the larger section, giving rise to an instant condensation of the larger section whatever its length.
This mechanism has a significant implication for the characterization of a porous solid having similar connectivity. If one uses the condensation pressure to determine the pore size by using
kernels calculated for open end pores, one would underestimate the pore size by an extent that increases with the length of the larger section. This observation highlights the need to construct kernels derived from various elementary pore models as a basis for the determination of pore size distribution. The discrimination among these kernels, or their combination, will require supplementary experimental data and further analysis; for example by measuring isotherms at different temperatures. A further example of the implications of connectivity is illustrated in Figure 7a which shows the isotherms for the isolated two open end pores having the same widths as the two sections of the connected pore in Figure 6 , and the isotherm for a closed end pore having the same width as the larger section. From these isotherms we constructed two combined isotherms: (1) that of the closed end pore of larger width. These combined isotherms are shown in Figure 7b and may be compared with the isotherm for the connected pore, also shown in the same figure. The first combined isotherm, using two open end pores, is a poor match for the isotherm for the connected pore, while the second one gives much closer description. This finding implies that by analysing the adsorption branch to determine the pore size distribution (PSD) using a kernel of pores with open ends, we would obtain a single pore size equal to that of the smaller pore. On the other hand, if we use the desorption branch, we would underestimate the pore size because the evaporation from the connected pore occurs at a lower pressure than from the two uniformly sized pores. This again calls into question the reliability of characterizations based on a single isotherm for the determination of PSD.
(a) (b) Figure 7 : Isotherms for argon adsorption at 87K in slit pore with two open ends, (a) the unit cells that comprised the connected pore in Figure 6 , (b) comparison between the connected pore and the combined isotherms based on unit cells.
Cavitation and Pore Blocking
The ink-bottle pore is a model that combines two of the features that we just discussed: pores with a closed end and connectivity, and the model is commonly used to explain two alternative mechanisms of evaporation: cavitation and pore blocking. Figure 8 shows a series of isotherms for argon adsorption at 87K in ink-bottle pores with different neck widths. When the neck has the same width as the cavity, this pore is a closed end pore of uniform size and its hysteresis loop is Type H1, (i) When the neck size is smaller than a critical size, which is around 3nm, the cavity is emptied via cavitation; exhibited as a steep evaporation at a reduced pressure of 0.24. The neck is emptied at the same pressure as for this critical neck size or at lower pressures for neck sizes that are smaller than the critical value.
(ii) When the neck size is greater than the critical size, the evaporation occurs at a higher pressure than the cavitation pressure, indicating a change in the evaporation mechanism from cavitation to pore blocking [41] .
More details about the adsorption behaviour for ink-bottle pore can be found in references [41, and 42 ].
Effects of Heterogeneity
Wedge Pore
The wedge pore has been studied as a further example of pores with a non-uniform cross section.
Adsorption in pores of this type is similar to that in connected pores, discussed in Section 3.2. The isotherm for a wedge pore has a Type C (in the dB scheme) hysteresis loop whose detailed shape depends on the width of the narrow end and the angle of the wedge (see Figure 9 ). The reason that Type C hysteresis is not commonly observed experimentally is that wedge configurations are presented in the COPS-X meeting, addresses this deficiency and proposed that Type C should be designated as Type H2b, with the original H2 being re-classified as H2a. More details of the isotherms for wedge pores can be found in Fan et al. [43] , where these and also pores with curved walls are studied. 
Corrugation
Pores in real materials do not have homogeneous surfaces, but possess geometrical corrugations which come from impurities or defects acquired during synthesis or arise naturally as a consequence of discrete atomic structure. We have simulated corrugation by grafting small humps of 2nm length along the pore axis onto open end pores and closed end pores (see Figure 3f ). The height of the hump was chosen to be either 0.335nm or 0.67nm. Figure 10a shows the adsorption isotherm of argon at 87K in 3nm open end pores with various corrugations, together with isotherms for uniform pores (i.e. without corrugations). Figure 10b shows the corresponding isotherms for closed end pores. Even for this simple model of corrugation we observed a rich behaviour of the hysteresis loop, depending on the size of the corrugation and its spatial distribution. The hysteresis observed for the open end pore with one corrugation of 0.335nm height in the middle of the pore catches our immediate attention; it has one principle loop which is rather sharp, followed by a secondary gradual loop as pressure is decreased. This type of hysteresis loop has been observed with benzene adsorption on activated charcoals [44] . This two stage desorption process is also observed with closed end pores having one corrugation in the middle, regardless the height of the corrugation; however, the first stage is small compared to the second one. 
Evolution of Hysteresis with Temperature
We have mentioned earlier that the analysis of a single isotherm is not sufficient to bring out the fine features of the porous structure. It is expected that different pore structures would respond differently to temperature, and this can be exploited to gain further insight into these structures. We illustrated this point in Figure 11 for three pore models: (1) uniform slit pore with two open ends (as a reference), (2) a closed end pore and (3) a wedge shape pore. First, we discuss the temperature dependence of the hysteresis loop for a uniform open end slit pore (Figure 11a ) for a range of temperature from 60 to 120K. A few points may be noted: (i) The size of the hysteresis loop decreases with temperature, and the isotherm is reversible for temperatures greater than 120K, which is the critical hysteresis temperature for argon in a pore of 3nm width;
(ii) The adsorption branch shifts to lower reduced pressure with an increase in temperature, while the desorption shifts to higher reduced pressure;
(iii) A two-step adsorption branch is observed at 60K, with the first step due to 2D-condenstion on the pore walls, and the second one to capillary condensation. For closed end pores, the size of the hysteresis loop also decreases with increasing temperature, and the critical hysteresis temperature is 120K (Figure 11b) . In contrast to the corresponding open end pores, both the adsorption and desorption branches shift to higher reduced pressure with temperature although they both have H1 Type hysteresis. The temperature dependence of the hysteresis for the wedge pore is distinctly different from the open end and closed end pores. Not only does the hysteresis loop become smaller as temperature increases, but the shape of the loop changes from Type C to a combination of Type C and Type H1 when temperature is decreased from 100K to 70K.
The different evolution of the hysteresis loop with temperature illustrated by the above three pore models indicates that temperature is an important variable to discriminate pore models used in the characterization.
M A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT
H3 & H4 Type of Hysteresis
H3 and H4 hysteresis loops are commonly observed for adsorption of gases on activated carbons, and a characteristic is the step down in the desorption branch at a relative pressure of 0.42 and 0.38
for nitrogen and argon respectively at their boiling points [13] , in addition to the relatively flat and parallel adsorption and desorption boundaries of the hysteresis loop. None of the pore models discussed above could produce these hysteresis types for two reasons: (1) the wide distribution in pore size in activated carbon and (2) the predominant contribution of micropores compared to mesopores to the pore volume. To produce H3 and H4 there is a need to combine pore models.
We used the experimental data for Norit-CMC-2 Carbon [7] to show how different pore models can be constructed to reproduce the data. The isotherms in Figure 12a It is clear from the above illustration that an experimental isotherm could be captured by quite different pore models, and once again exposes the need to consider additional dimensions in characterization space; we suggest that temperature would be one possible solution to this endeavour.
Functional Group
In most carbonaceous materials, functional groups (oxygen-containing groups) are likely to be present on the surface, even after heat treatment at high temperature. Characterization of these groups and their concentration is important in the modelling of adsorption of strongly polar fluids.
We have shown that by using either water or methanol as adsorptives the role of functional group can be elucidated [46] . We used highly graphitized thermal carbon black (Carbopack F) as an example to show the differences between the adsorption of associating fluids and the functional group and the adsorption of simple gases (argon and nitrogen).
The role of the functional group can be clearly seen by first studying the interaction of different gases (argon, nitrogen, water and methanol) with a homogeneous graphite surface by estimating the Henry constant [46] . The Henry constant is determined by the volume integration of the Boltzmann factor over the accessible volume space [47] , and is then compared with the experimental constant, which includes contributions from both the graphite surface and the functional groups. This allows us to determine not only the role of functional group, but also the relative magnitude of the fluidfluid, fluid-graphite and fluid-functional group interactions. Figure 13 shows the simulated adsorption isotherms for the four adsorbates on Carbopack F at various temperatures, together with the corresponding experimental data. A number of points can be summarised as follows: (i) The simulated isotherms agree well with the experimental data for non-polar gases argon and nitrogen, indicating that these adsorptives adsorb mainly on the basal planes, and there is negligible contribution from the functional groups. The Henry constants decrease with temperature, due to the exothermicity of physical adsorption.
(ii) A decrease in the Henry constant with temperature was also observed for methanol and water, but the experimental values are much higher than those calculated for the non-polar gases on the basal-plane, indicating that the initial adsorption occurs at the functional group sites.
(iii) The experimental isotherms of methanol and water are much more sensitive to temperature at low loadings than the simulation results. This is due to the greater enthalpy change caused by the adsorption on functional groups than on the graphite surface.
As well as the relative strength of interaction between adsorbate and graphite, and adsorbate and functional, the strength of adsorbate-adsorbate interactions can also be assessed by considering the modified Henry constant, ‫ܭ‬ ᇱ = ‫ܲܭ‬ . Figure 14 shows the adsorption isotherms of methanol and water on Carbopack F plotted against the reduced pressure. Some of the interesting features observed are detailed below: (ii) The theoretical basal-plane based modified Henry constants for both methanol and water increase with temperature, suggesting that the intermolecular interactions are stronger than interactions between an adsorbate molecule and the basal plane.
(iii) For argon and nitrogen, the variation of the modified Henry constants with temperature are identical to that in Figures 13a and b , indicating that the interaction between the adsorbate and the basal plane is stronger than the intermolecular interactions.
It is clear that the functional group plays a very important role in the adsorption of associating fluids on carbon materials, and to this end we have recently developed a molecular model of graphite with functional groups grafted at the edges, as shown in Figure 15a (here the phenol group is used to model the functional group). With this new molecular model, the experimental data for water on a graphite surface has been re-produced correctly for the first time, as shown in Figure 15b . This also allows us to elucidate the mechanism of water adsorption: water molecules mainly cluster around the functional group, rather than on the basal plane, and once water has been adsorbed on the functional group, this complex acts as a nucleus for more water molecules to grow around it and form a larger cluster because the water-water intermolecular interaction is much greater than that between water and the basal plane. More details can be found in [48] . 
Conclusions
This paper presents a wide-ranging discussion of the characterization of physical structure and surface chemistry in porous solids based on comprehensive computer simulations carried out in our laboratory over the last 10 years. Non-polar gases (argon and nitrogen) have been used to characterize porous structure using pore models that account for finite size, closed end, variation in pore size, and corrugation in the pore width. These models represent a significant advance over the simple models with uniform pore size and two ends open to the gas surroundings frequently used as a basis for pore size distribution calculations. With these new models, all type of hysteresis loop observed experimentally can be reproduced, and we suggest that by using temperature as a variable it should be possible to delineate the relative contributions of these pore models in a given solid.
We have shown how water and methanol can be used as the probe to determine the concentration of functional groups, and with the procedure presented in this paper we can determine the relative • Improved pore model for connectivity and functional group • All hysteresis loops can be described by the new improved model • New molecular model of carbon-functional group for polar adsorbates • Importance of temperature in the characterization with adsorption isotherm
